Using a TALEN-mediated gene-editing approach, we have previously described a process for the large-scale manufacturing of "off-the-shelf" CAR T cells from third-party donor T cells by disrupting the gene encoding TCRa constant chain (TRAC). Taking advantage of a previously described strategy to control TALEN targeting based on the exclusion capacities of non-conventional RVDs, we have developed highly efficient and specific nucleases targeting a key T cell immune checkpoint, PD-1, to improve engineered CAR T cells' functionalities. Here, we demonstrate that this approach allows combined TRAC and PDCD1 TALEN processing at the desired locus while eliminating low-frequency off-site processing. Thus, by replacing few RVDs, we provide here an easy and rapid redesign of optimal TALEN combinations. We anticipate that this method can greatly benefit multiplex editing, which is of key importance especially for therapeutic applications where high editing efficiencies need to be associated with maximal specificity and safety.
INTRODUCTION
Recent advancement in genome-engineering technology is changing the landscape of biological research, especially for the development of new therapeutic applications. This groundbreaking technology provides scientists with novel opportunities to develop new methodologies to ask and answer critical questions. This advancement is highlighted by the increased use of programmable DNA-binding agents such as transcription activator-like effector (TALE) and RNA-guided CRISPR/CRISPR-associated (Cas) systems that became part of the most powerful gene-editing tools. [1] [2] [3] These novel and robust DNAtargeting platforms allow a wide use of gene manipulation in both research and the development of novel therapies. These engineered enzymes can introduce DNA double-strand breaks (DSBs) with high efficiency and specificity into desired target sequences, and their ability to precisely cleave a specific locus is being used to disrupt genes via mutagenic non-homologous end joining (NHEJ).
Adoptive immunotherapy is a new paradigm for treating cancer. Recent reports have highlighted the synergistic possibilities of genome editing and the chimeric antigen receptor (CAR) T cell technology to develop the next generation of therapeutic applications.
Although CAR-engineered T cells infiltrate the tumor tissue and persist over long periods, 4 tumor reduction is frequently transient mainly due to tumor-associated immune repression. The latter is mediated, at least in part, by regulatory T cells (Tregs), which heavily infiltrate solid tumor lesions, and by the upregulation of multiple immune-checkpoint molecules (CTLA-4, PD-1, LAG3, or TIM-3) on tumor-infiltrating lymphocytes. Immune checkpoint pathways strongly downregulate T cell activation, carrying the important function of keeping nascent T cell responses in check and reducing the likelihood of an immune attack against normal tissues. During tumorigenesis, however, cancer cells may exploit these co-inhibitory pathways to resist detection or avoid elimination by the adaptive immune system. 5 The PD-1 checkpoint pathway is thought to act primarily in peripheral tissues to dampen ongoing immune responses and/or to prevent damage to self-tissues. The ability of non-immune cells to express ligands for PD-1 such as PD-L1 is exploited by tumors as a way to avoid immune attack. 6, 7 Preliminary clinical findings with blockers of immune-checkpoint proteins such as CTLA-4 and PD-1 indicate broad and diverse opportunities to enhance anti-tumor immunity with the potential to produce durable clinical responses. [8] [9] [10] [11] [12] [13] However, most tissues rely on PD-L1 expression to limit T cell responses.
14 Thus, the systemic administration of PD-L1/PD-1-blocking antibodies carries a risk of breaking peripheral tolerance, which might lead to autoimmune responses. Recent studies have demonstrated the feasibility and potency of approaches incorporating advanced gene-editing technologies into adoptive cell therapy protocols to silence immune checkpoints as a strategy to overcome locally active immune escape pathways. 15, 16 We have previously described a platform for the production of "off-the-shelf" CAR T cells (UCAR T cells) from unrelated third-party donor T cells by disrupting TCRa constant gene TRAC. 17 By combining the beneficial effects of both PD-1 blockade and CAR therapy, we have not only reduced the effective cost of this adoptive immune therapy but also simplified the protocol of administration as compared to a therapy that would combine the injection of both UCAR T cells and anti-PD-1 antibody.
Here, we used the latest in the transcription activator-like effector nuclease (TALEN) technology to develop highly efficient and specific nucleases targeting a key T cell immune checkpoint, PD-1, to improve engineered CAR T cells' functionalities. By taking advantage of unique features of the TALE DNA targeting, its modularity, associated with the independence of the targeting modules, we aimed at replacing natural targeting modules, the repeat variable diresidues (RVDs), with appropriately chosen non-conventional RVDs (RVDs not found in the natural repertoires of TALE) to improve the specificity of targeting for multiplex genome editing. Our results demonstrate that our strategy based on exclusion properties of these non-conventional RVDs allowed combined TRAC and PDCD1 TALEN processing at the desired locus while eliminating low-frequency off-site processing. These results further confirmed previous reports showing that strategies replacing a few RVDs allowed the easy and rapid redesign of optimal TALEN nuclease combinations (so-called multiplex editing), [18] [19] [20] a feature of prime importance especially for therapeutic applications where high editing efficiencies associated with maximal specificity and safety is of prime importance.
RESULTS

PDCD1 Locus Is Efficiently Processed Using TALEN T3v1
Today, four RVDs are mainly implemented and used, NI, HD, NN, and NG, to target an adenine, a cytosine, a guanine, and a thymine, respectively. Using features from our TALEN scaffold (TAL DNA binding array of 15.5 RVDs and spacer length of 15 base pairs) we designed and synthesized 2 TALEN T3v1 and T1 (first version of TALEN design) targeting the second exon of the PDCD1 locus where the PD-L1 binding site is located (Figures 1A-1C ). For more clarity throughout this manuscript, the term TALEN represents the nuclease entity composed of two engineered TALE fused to the FokI catalytic domain. In order to evaluate the efficiency of our TALEN, we performed targeted mutagenesis experiments at the PDCD1 locus. Thirteen days post-mRNA electroporation, PD-1 production was assessed on non-transfected or TALEN-transfected T cells by flow cytometry after exclusion of non-viable cells (Figure 2A) . PD-1 production is strongly disrupted on the surface of T3v1-transfected T cells as compared to non-transfected T cells (Figure 2A, left panels) . Indeed, the surface detection is reduced by about 65% (from 4.6% to 1.6%) after mRNA TALEN transfection. As demonstrated in the literature, PD-1 is one of the key-inhibitory receptor expressed by activated T cells, and its expression is upregulated following antigen-and ligand-receptor engagement. 21 Thus, PD-1 production increases early after activation and decreases about a week after the initial activation. By reactivating non-transfected T cells, PD-1 is markedly re-induced at their surface, while its production remains very low without additional reactivation. Indeed, PD-1 is only detected on 4.6% of non-transfected T cells 17 days after their initial activation, while we observe a frequency of 72.2% of PD-1 + T cells 3 days after reactivation ( Figure 2B , left panels). We observe a reduction of about 85% (from 72.2% to 9.3%) when T3v1-transfected T cells were reactivated. Even though our second available TALEN to knock out PDCD1 (T1) is efficient at processing PDCD1 locus, its efficiency remains lower than T3v1 TALEN ( Figure 2B , right panels).
Indeed, PD-1 surface detection on T1-transfected and -reactivated T cells is reduced by 43% (from 75.9% down to 43.2% after reactivation). T3v1 TALEN being our lead candidate, we characterized in depth by high-throughput DNA sequencing (454 method) the molecular events generated by this TALEN at its target locus. Genomic DNA, recovered from T cells grown for more than 6 days after electroporation of PD-1 TALEN was used to generate specific PCR amplicons. Our sequencing results reveal insertion/deletion (indel) frequencies of $70% to 80% at the locus of interest for T3v1 TALEN ( Figure 2C ), confirming that TALEN-mediated processing of PDCD1 gene is very highly efficient under our experimental conditions. We also characterized in depth the molecular events generated by this TALEN at potential off-site targets. These off-site targets were systematically defined as genomic sequences bearing any combinations of TALEN binding sites containing %4 mismatches with respect to the sequence to target and separated from one another by 9 to 30 bp. The lists of potential off-site targets were generated and scored taking into account the nature and position of the substitutions as described previously. 22 The 14 (T3v1) targets with the highest scores regardless of their genomic position, as well as the top four targets located in (or within 200 bp from) a coding sequence, were chosen for highthroughput DNA sequencing analysis. One off-site target (v1OS9) is found to be processed at low frequency (>2 orders of magnitude lower than the in-site, 0.5%) for T3v1 TALEN, the other sites tested do not show mutagenesis above background ( Figure 2C ). All together, these data confirm the possibility to design TALEN that present very high levels of activity on their cognate in-site target while sparing potential off-site targets.
The Use of Non-conventional RVDs Improves Targeting Specificity in the Context of a Single Knockout
Considering the very high efficiency of the T3v1 TALEN at the desired PDCD1 locus, we decided to investigate whether we could modify this TALEN using non-conventional RVDs to maintain the same high level of activity at the desired locus but completely prevent the TALEN activity at the identified off-site sequence. 18 The OS9 detected is mostly probably due to a homodimer association of the left half TALEN T3v1. Using the same strategy as previously presented, 18 we first identified the mismatches between the in-site and off-site binding sequences. Then we identified non-conventional RVDs that allow discrimination at the mismatch position, between the in-site and the off-site nucleotides. To narrow the choice of non-conventional RVDs, we focused on non-conventional RVDs that will present minimal (or preferably no) relaxed specificities for the two remaining nucleotides to prevent any new off-site targeting. We further favored modification in the first half of the TALE array since this portion of the TALE array has previously been shown to have a higher impact on the targeting specificity. 22, 23 Thus, after having identified the mismatches between the in-site and off-site binding sequences of the left arm of the TALEN, we designed two new TALEN (v2 and v3) by incorporating two non-conventional RVDs at the position 1 and 2 (T3v2) and 1 and 9 (T3v3) ( Figure 3A ). In these specific examples, NI and HD were replaced by GN and QD, respectively (T3v2) or NI and NN were replaced by GN and GR (T3v3). We then investigated the activity and specificity of both TALEN T3v2 and v3. As shown by flow cytometry, PD-1 surface detection after T cell reactivation is reduced by 87% (from 50.2% down to 6.5%; T3v2) and 74% (from 50.2% down to 13%; T3v3). These efficiencies of PD-1 TALEN activities are very similar to the efficiency of T3v1 PD-1 TALEN. Having demonstrated that a very high activity of PD-1 TALEN was maintained at the in-site locus, we further investigated the capacity of the new TALEN to process the previously defined off-site 9 (v1OS9) target. As expected from the phenotypic results obtained ( Figure 3B ) our sequencing results reveal indel frequencies of $80% to 90% at the locus of interest, confirming that TALEN-mediated processing of PDCD1 gene by T3v2 and T3v3 PD-1 TALEN are highly efficient. More importantly, the v1OS9 tested does not show mutagenesis above background level ( Figure 3C ), indicating that our strategy to improve TALEN specificity by replacing conventional RVDs with non-conventional RVDs is highly efficient.
The Use of Non-conventional RVDs Improves Targeting Specificity in the Context of a Double Knockout
To align with the allogeneic approach we developed, 17, 24 we combined both TRAC and T3v2 PD-1 TALEN. We then characterized in depth by high-throughput DNA sequencing the molecular events generated by those two TALEN at their respective target loci and their potential off-site targets. In this particular example, the two TALEN were designed separately to present individual optimal (high in-site and no or low off-site processing) activities, without taking into account the possibility of a simultaneous use (multiplex gene editing) in their respective design. To analyze the activity profile of the combined two TALEN, we further increased the number of analyzed off-sites to the 25 targets with the highest scores. This allowed us to also include the first 10 ranked targets that would be the result of the combination of one of each arm of the two TALEN (PD-1 and TRAC) used (Figure 4A) . The sequencing results reveal high indel frequencies at both loci of interest (PDCD1 and TRAC), demonstrating that TALEN-mediated processing of PDCD1 and TRAC gene is highly efficient. Nevertheless, 2.9% of indels are detected at one of the highest ranked off-sites studied, the v2OS3, which corresponds to an off-site induced by a heterodimer TRAC left/PD-1 left. Using the same design strategy, we elaborated one new TALEN T3v4 by replacing the first and seventh RVDs by non-conventional RVDs. By design, we chose a combination of non-conventional RVDs; NI and NN were replaced by KL and YK, respectively. That would allow preventing processing of the previously identified v1OS9 and the newly identified v2OS3. We focus our TALEN reengineering efforts on the PD-1 left arm, as the number and type of mismatches observed with the TRAC left arm were expected to be already more impactful on the TALEN activity. We thus investigated the specificity and activity of each of these new TALEN as compared to T3v1 PD-1 original TALEN. As shown by an overlay analysis of PD-1 production on the surface of reactivated cells, we observed a similar reduction of surface PD-1 for T cells transfected with each of the different PD-1 TALEN (Figure 4B) . We then monitored the capacity of the new TALEN to edit the previously defined off-site targets v1OS9 (due to the homodimer association) and v2OS3 (due to the heterodimer association). In this experiment, we obtain indel frequencies of $70% to 80% at the PDCD1 locus and $60% at the TRAC locus ( Figure 4C ).
As expected, the v1OS9 tested does not show mutagenesis above background level for any of the new TALEN tested, and the v2OS3 tested does not show mutagenesis above background for the last T3v4 PD-1 TALEN produced ( Figure 4C ), indicating that our strategy to improve TALEN specificity by replacing conventional RVDs with non-conventional RVDs is highly efficient and can be translated to prevent off-site processing while maintaining high levels of activity at the different in-site loci. Importantly, as expected, the other potential off-site targets that were previously Having demonstrated that the PDCD1 locus could be efficiently edited using TALEN, containing or not non-conventional RVDs, we further investigated whether the in vitro cytolytic activity was affected by the double knockout of PDCD1 and TRAC. T cells were transduced or not with lentiviral particles encoding CD20 CAR and transfected or not with mRNA encoding T3v4 PD-1 and TRAC TALEN. The efficiencies of transduction and transfection were assessed by flow cytometry 4 days after transduction. When transduced at a MOI of 5, more than 60% of the cells express CD20 CAR on their surface ( Figure 5A , left panels), while surface The efficiency of TALEN-mediated gene processing was analyzed by high-throughput DNA sequencing analysis of engineered T cell genomic DNA harvested 6 days after transfection. Potential in-site and off-site targets were carefully evaluated for these loci. The off-site OS9, OS10, OS11, and OS12 have identical potential TALEN binding sites as the OS8. The PCR products generated for deepsequencing analysis for OS8, OS9, OS10, OS11, and OS12 are more than 99.8% identical. Thus, OS8 represents the pooled data of the off-sites mentioned above.
(B) Nine days after transfection, T cells were reactivated using Dynabeads human T activator CD3/CD28. Two days later, the mean fluorescence intensity (MFI) of surface PD-1 detection was assessed by flow cytometry on viable non-transfected T cells and transfected T cells using PD-1 mAb in combination with a live/dead cell marker. Histograms are representative of at least two independent experiments. (C) The efficiency of TALEN-mediated gene processing was analyzed by high-throughput DNA sequencing analysis of engineered T cell genomic DNA harvested 6 days after transfection. Potential in-site and off-site 9 and off-site 3 targets were carefully evaluated for these loci.
PD-1 is reduced by almost 50% when CAR T cells are transfected with mRNA encoding T3v4 PD-1 TALEN ( Figure 5A , middle panels). As observed in Figure 5A , PD-1 surface detection on CAR T cells is higher compared to that on CAR negative T cells (middle versus right columns), reflecting the activation level of T cells. These observations are in accordance with previous studies that demonstrated that PD-1 is not detected on resting T cells but is inducibly re-induced within 24 h after stimulation, the highest level of expression being reached 2 to 4 days after activation. 21, 25 These two sets of T cells (wild-type [WT] and dual PDCD1/TRAC knockout) were then challenged in an in vitro long-term cytotoxicity assay using target cells presenting the CAR antigen. As anticipated, we observed that independently of the ratio of T cells and target cells, the dual knockout CAR T cells are at least as efficient as WT CAR T cells at eradicating the targets cells in vitro ( Figure 5B ). At a ratio of 1:20 (T cell:target cell), 64% of the target cells are killed in co-culture with WT CAR T cells, while 68.3% are eliminated in co-culture with PDCD1 knockout CAR T cells. At a ratio of 1:10, the cytotoxic activity of WT CAR T cells toward their specific antigen reaches 82%, while it reaches 84.8% for PDCD1 knockout CAR T cells. All together, these data demonstrate that the dual knockout of the PDCD1 and TRAC genes is not impacting the cytolytic properties of CAR T cells.
The study we present here reports the fine and precise "multilayer" genome editing of primary T cells. Such reengineering of the TALEN DNA binding motives allows the reliable serial and sequential generation of precise designer nucleases from already existing TALEN. In particular, we demonstrated that the UCAR T cell (TRAC knockout CAR T cell) platform can be further rapidly, efficiently, and safely engineered using TALEN containing non-conventional RVDs. The multiplexed engineered UCAR T cells (TRAC and PDCD1 knockout) maintained a potent in vitro anti-tumor function. Different recent studies have demonstrated that the disruption of PD-1 on CAR T cells enhanced the anti-tumor activity in vitro and in animal models. 15, 16, 26, 27 Beyond our proof-of-concept study, further additional in vitro and in vivo experiments will be desirable to fully assess the benefits of such multiplex engineered UCAR T cells with adequate tumor models. 
DISCUSSION
One of the major challenge of gene editing using designer nuclease, especially for clinical applications, is the risk that off-target cleavage can occur at sequences within the genome that contain a few mismatches related to the targeted sequence of interest. Thus, the possibility to control and finely tune the targeting specificity of such platforms represents a key issue. Regarding TALEs, the DNA-binding domain consists of highly conserved 33-35 amino acid sequence repeats with divergent 12th and 13th amino acids in each repeat. 28, 29 These so-called RVDs are highly variable and show a strong correlation with specific nucleotide recognition. So far, four DNA targeting modules (RVDs) have been used by most researchers (NI, HD, NN, and NG), but these naturally found RVDs only explore about 5% of the possible diversity repertoire at these two key positions. 30, 31 Using this four-RVD repertoire, TALEN has already proven to be specific and compatible to ex vivo engineering of primary T cells for therapeutic applications with no or very low (background) levels of off-site processing. 17 Specificity of targeting being a key factor, especially for therapeutic application, the use of the NN canonical RVD to target a guanine was questioned due to its ability to target both an adenine and a guanine. 28, 29 Several research groups have therefore studied the implementation of alternative natural RVDs, such as NK and NH to improve the specificity of guanine targeting. 30, 31 Recent studies took advantage of the vast repertoire offered by DNA-targeting characteristics of RVDs (positions 12 and 13), to identify and characterize new non-conventional RVDs with novel intrinsic targeting specificity features. [18] [19] [20] This strategy to exclude the targeting of specific genomic sequences (so-called off-site targets) by TALEN is based on the unique targeting properties of non-conventional RVDs. In particular, the mapping of their binding properties (affinity for the different nucleotides) revealed that the nature of the amino acid at position 13 of these www.moleculartherapy.org non-conventional RVDs largely defined the base preference (as already observed for canonical RVDs) 28, 29, [32] [33] [34] [35] with some effects on the affinity. The identity of the amino acid at position 12 was described to be the major contributor to the RVD binding strength (with possible minimal effect on specificity). In addition, studies on the sensitivity of TALE array to epigenetic modifications (e.g., 5-methylcytosine) highlighted how steric hindrance between the amino acids at positions 12 and 13 and the targeted nucleotide is affecting the recognition and binding of an RVD array to its target sequence. 36, 37 The overall better understanding of the interaction between the RVD array and the targeted sequence allowed the implementation of such non-conventional RVDs, improving the discrimination between different nucleotides and therefore further increasing the specificity of TALE-based molecular tools. [18] [19] [20] Better mastering the targeting properties (e.g., specificity) of designer nuclease is of prime interest for clinical application, as demonstrated, for example, by the synergy that could be obtained between gene editing and adoptive immunotherapies (e.g., CAR T cells) developed to fight cancer. 17, 38 The current optimized version of our process is initiated by CD3-dependent T cell activation at time 0, incorporates a transduction step at 72 hr to allow for the expression of a CAR, and finally concludes with a TALEN mRNA electroporation step for TRAC/CD52 gene disruption at 120 hr. Subsequent to the TALEN electroporation step, the cells are cultured in a closed system for 10 to 12 days followed by magnetic depletion of remaining TCRab-positive cells. Using this process, TCR/CD52-deficient CAR T cells were manufactured with highly reproducible yields. Since there will not be any possibility to deplete PD-1 + cells because of the lack of good manufacturing practice (GMP) magnetic depletion system for PD-1, the TALEN that induces the highest level of knockout was chosen. In such a case where a TALEN is highly efficient but one off-site target is found to be processed even though at low frequency, it is extremely useful to have the possibility to design TALEN that maintain such high levels of activity on their cognate in-site target while sparing the potential off-site target.
CAR T cells have demonstrated significant responses in patients with treatment-refractory hematologic malignancies but have only modest results in solid tumors. This is likely due to a host of hurdles encountered in the tumor microenvironment of solid tumors, 39, 40 especially intrinsic inhibitory pathways mediated by upregulated inhibitory receptors such as PD-1 reacting with their cognate ligand within the tumor. Many studies have demonstrated that advanced-generation human CAR T cells are reversibly inactivated within the solid tumor microenvironment. 41 Thus, PD-1 pathway antagonism can augment human CAR T cell function. 42, 43 Recently, we and others underlined that disruption of endogenous PDCD1 using designer nuclease enhances the efficacy of gene-disrupted CAR T cell therapy or the function of tumor-reactive T cells used for adoptive cell transfer (ACT) in tumor models. 15, 26, 27 However, disrupting PD-1 expression on CAR T cells that could eventually express autoreactive T cells might lead to autoimmune adverse events such as those described with systemic PD-1 antibody blockade. Here, we implemented the non-conventional RVD approach to edit the genome of human primary T cells with TALEN presenting improved discrimination between the desired on-site and the off-sites targets. We previously described a platform for the production of "off-the-shelf" CAR T cells from unrelated third-party donor T cells by disrupting TCRa constant gene TRAC. 17 We therefore focused on optimizing a TALEN targeting the PDCD1 locus that can be used in combination with the previously reported TRAC TALEN, such a multiplex genome-editing strategy could allow the generation of highly potent and tumor-specific UCAR T cells and prevent the risk of adverse events previously observed. 8 By incorporating non-conventional RVDs on the left T3v1 PD-1 half TALEN, we were able to produce an optimized and highly efficient TALEN that is not processing the low-frequency PD-1 off-sites identified with first generations of TALEN (for use of the PD-1 TALEN alone or simultaneously with the TRAC TALEN). In this study, we decided to use simultaneously two TALEN pairs that were designed separately. In such case, the combination of arms of the different TALEN may lead to the targeting of off-site sequences that were not taken into account in the original TALEN design. The a posteriori strategy of educated TALEN reengineering that we presented here can be further broadly adapted to multiplex TALEN gene editing. All together, these results showed that a very fine and predictable tuning of a TALEN targeting can be obtained by incorporating a few non-conventional RVDs. This approach could positively impact the development of new generations of treatments involving gene editing for many diseases. Whether the identification of potential off-sites is performed in silico or experimentally, once the evaluation of genomic toxicity is performed during clinical trials, the detection of off-target mutagenesis could block further development of a candidate product. Here, our approach enables fine tuning of the TALEN used to abrogate offtarget activity specifically where it is detected. In addition, one can imagine combining this approach with the use of engineered obligated heterodimeric FokI cleavage domains [44] [45] [46] to prevent the pairing of the specific half TALEN molecules responsible for off-site activity. Moreover, we demonstrated that the in vitro anti-tumor activity of PDCD1 knockout CAR T cells is not impaired. This development validated in human primary T cells will enable TALEN tools for gene editing to be applied more broadly and safely in basic research and disease treatment.
MATERIALS AND METHODS
Antibodies
The following monoclonal antibodies and reagents were used: for surface staining, anti-PD-1 (clones PD1.3.1.3 and EH12.2H7 from Miltenyi Biotech and Biolegend, respectively), anti-TCRab (clone BW242/412 from Miltenyi Biotech), and fixable viability dye eFluor 780 from eBioscience. All the cytometry analyses were performed on a FACSCanto II (BD Biosciences).
Cell Culture
Frozen peripheral blood mononuclear cells (PBMC) were obtained from healthy volunteer donors (Allcells). T lymphocytes were activated directly from PBMCs using Dynabeads human T activator CD3/CD28 (Invitrogen), taking into account the frequency of CD3 + cells at a ratio of 1:1 bead:cell. Activated T cells were then immediately diluted in X-Vivo-15 (Lonza) media supplemented by 20 ng/mL IL-2 (final concentration) (Miltenyi Biotech) and 5% human serum AB (Seralab). Jeko-PD-L1 (ATCC-CRL3006) were generated by lentiviral transduction with an expression cassette for PD-L1. PD-L1 + cells were single cell sorted by high-speed flow cytometry on a SH800 (Sony) at a purity >98%. Jeko and Jeko-PD-L1 were cultured in RPMI 1640 containing Glutamax (Gibco) supplemented by 20% fetal bovine serum (FBS) (Lonza), 100 U/mL Penicillin, and 100 mg/mL Streptomycin (Lonza). mRNA mRNAs were synthesized using the mMessage mMachine T7 Ultra Kit (Life Technologies). RNAs were purified with RNeasy columns (QIAGEN) and eluted in cytoporation medium T (Harvard Apparatus). Following process optimization, TALEN mRNAs were produced by a commercial manufacturer (Trilink Biotechnologies).
Cell Transfection and Investigation of Knockout Efficiency
Four to five days after activation, T cells were transfected with 10 mg of each mRNA encoding the left and right arms of TALEN. Transfection was performed using Agilpulse technology. Cells were then immediately diluted in X-Vivo-15 media supplemented by 20 ng/mL IL-2 (final concentration) and 5% human serum AB. Transfected T cells were eventually diluted at 1 Â 10 6 cells/mL and kept in culture at 37 C in the presence of 5% CO 2 and 20 ng/mL IL-2 (final concentration) and 5% human AB serum for further characterization.
Nine days post-transfection, T cells were reactivated or not using Dynabeads human T activator CD3/CD28 at a bead:cell ratio of 0.5:1. Three days later, production of PD-1 at the membrane was assessed by flow cytometry. Knockout efficiencies can be investigated by flow cytometry starting from day 2 post-transfection, but PDCD1 knockout is more easily detected after reactivation.
Cell Transduction
Three days after activation, 6 Â 10 6 primary T cells resuspended in 3.6 mL of X-Vivo-15 media were cultured in a T25 flask pre-coated by 30 mg/mL of Retronectine in the presence of lentiviral particles to obtain a multiplicity of infection of 5. After 2 hr of incubation at 37 C, 3 mL of complete media 2X (X-vivo-15, 10% AB serum, and 40 ng/mL IL-2) was added to the cellular suspension. After overnight incubation, cells were washed, resuspended in a complete media at 1 Â 10 6 cells/mL, and passaged every 2 or 3 days.
CARs
Second-generation CD20 CAR was constructed using single-chain antibody fragments derived from antibody clones C230H, hinge and transmembrane regions from CD8A, intracellular domain from TNFRSF9 (CD137), and intracellular domain from CD247 (CD3z). The single-chain variable fragment (scFv) is preceded by the sequence encoding the blue fluorescent protein (BFP), which will reflect the expression of the CAR. CD20 CAR was cloned into a commercial lentiviral vector backbone downstream of an EF1a promoter, and concentrated lentiviral vectors were produced by Vectalys (Toulouse, France).
Mutagenesis Analysis
PCR amplifications spanning TRAC or PDCD1 targets or in silico predicted potential off-site targets were performed from gDNA harvested 6 days post-transfection using primers described in the Supplemental Materials and Methods. Purified PCR products were sequenced using the Illumina method (Miseq 2x250 nano V2) or 454 sequencing system (454 Life Sciences). At least 2,065 sequences were obtained per PCR product for Illumina and 1,364 for 454, and sequences were analyzed for the presence of site-specific mutations. The total number of reads, the total number of events detected, and the estimated indel frequencies are summarized in the Supplemental Materials and Methods.
Cytotoxicity Assay
The cytolytic activity of PDCD1 WT or PDCD1 knockout engineered T cells endowed with CD20 CAR was assessed using a flow cytometry-based cytotoxicity assay. In this assay, target cells presenting the CAR target antigen (Jeko or Jeko PD-L1) as well as control cells not presenting the CAR target antigen were labeled with CellTrace carboxyfluorescein succinimidyl (CFSE; Life Technologies). The target cell populations were co-incubated at 37 C at different ratios of engineered effector CAR T cells (effector/target) of 1:20 and 1:10 for 3 days in a final volume of 200 mL of culture medium corresponding to the culture medium of the target cell line. After 3 days, the whole cell population was recovered, washed in PBS, labeled with eFluor 780 viability marker (eBioscience), and target cell viability was assessed by flow cytometry. 
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